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A new type of ultrasound detection scheme based on a transparent
polyvinylidene-fluoride indium-tin-oxide (PVDF-ITO) piezoelectric
film has been developed for ultrawideband sensitive detection of
optoacoustic (OA) signals down to noise equivalent pressure (NEP)
of 8.4 Pa over an effective detection bandwidth extending beyond 30
MHz. The high signal-to-noise ratio and low noise performance
were facilitated by employing a two-stage amplifier structure. The
PVDF-ITO detector was directly mounted on a commercial high
numerical aperture objective lens of a scanning optical-resolution
OA microscopy system to obtain submicron resolution images
without signal averaging, as demonstrated both in phantoms and in
vivo measurements in mice. The transparent detection scheme
further allows for the OA imaging modality to be easily integrated
with other imaging techniques for diverse multi-modal biomedical
imaging investigations.

Intravital optoacoustic (OA) microscopy enables the non-invasive
monitoring of functional and molecular changes in hemodynamics and
metabolism by detecting the optical absorption of tissue chromophores
[1]. In particular, optical resolution optoacoustic microscopy (OR-
OAM), integrating the merits of tightly focused optics with ultrasound
(US) detection of the generated OA signals, has been used for a number
of in vivo applications ranging from functional cerebrovascular
evaluation [2], visualization of calvarian vascular patterns [3, 4] to
longitudinal skin wound monitoring [S5, 6]. OR-OAM systems are
commonly equipped with either optical-acoustic combiners for
conventional US detectors or ring-shaped US detectors allowing the light
to be delivered through the central aperture [2, 4, 5, 7, 8]. However, the
optical-acoustic combiners introduce undesirable wave-front distortions
in both optical and acoustic paths, while ring-shaped US detectors
provide limited acoustic sensitivity and signal-to-noise ratio (SNR) [1,
7].
In the past decade, diverse optically transparent US detectors have
been proposed for OA applications. All-optical-based US detectors such
as Fabry-Perot (FP) sensor [9] and micro-ring resonator (MRR) [10] are
able to acquire US signals with a miniature element size, broadband
frequency response and high sensitivity; however, additional
sophisticated probe laser sources are required while the detection scheme
further involves optical interferometry paths that are highly sensitive to

temperature drifts and environmental vibrations [7]. Piezoelectric single
crystals such as lithium niobite (LiNbO;) or lead magnesium niobate-
lead titanate (PMN-PT) have recently been proposed for manufacturing
transparent US detectors [11-14]. The LiNbOs-based detectors exhibit
high optical transmission and high central frequency [11, 12]. Yet, due
to acoustic impedance mismatches of the single crystal, the detection is
limited to a relatively narrow frequency band thus compromising OA
image quality [12]. The alternating current poled PMN-PT US detector
can achieve high transparency and piezoelectric constant; nevertheless,
this material is mainly suitable in the low frequency range due to its high
electromechanical and dielectric properties [14], limiting its potential
when it comes to high-resolution imaging applications.

By integrating indium-tin oxide (ITO) and chrome/copper materials
as the electrodes, partially transparent US detectors using polyvinylidene
fluoride (PVDF) have been developed for OA mesoscopy applications
based on unfocused [15] and focused laser beams [16]. However, these
studies yielded low detection sensitivity, thus extensive signal averaging
was required to achieve adequate SNR levels [15]. In this work, we
developed a sensitive ultrawideband transparent ultrasound detector
(UTUD) based on a 48 pum PVDF film fully coated with ITO to serve as
electrodes, equipped with a custom-made two-stage amplifier. The
customized 3D-printed casing of UTUD allowed direct mounting on a
commercial high numerical aperture (NA) objective lens of an OR-
OAM system for acquiring submicron resolution images without the
need for signal averaging.

A schematic diagram of UTUD is shown in Fig. 1. The ultrasonic
sensing element of the detector was a planar PVDF-ITO piezo film fixed
between two plastic washers on the conductive adhesive. The washers
have an outer diameter of 5 mm, an inner diameter of 2.5 mm
(corresponding to the effective sensing area of the detector), and
thicknesses of 0.5 mm and 1 mm for the two layers (Fig. 1a). Signal and
ground wires (attached to both sides of the piezo film) were connected
to a matching broadband two-stage amplifier with dimensions of 13 mm
x 7 mm X 2 mm. A resistor-capacitor (RC) circuit was installed between
the amplification stages as a high pass filter to suppress the low-
frequency (< 1 MHz) part of the input signal. The wire from the amplifier
was then connected to a custom-made bias T diplexer, supplying 5 V
direct current power for the UTUD. The sensing element and the
amplifier were both hermetically placed in a custom-made plastic case
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Fig. 1. Design and structure of the sensitive ultrawideband transparent

ultrasound detector (UTUD). (a) Schematic of the transparent US

detector with a double-sided ITO-coated PVDF film as the piezoelectric

material. (b) 3D rendering of the UTUD mounted on a commercial

objective lens, showing the approximate space (i.e., 0.3 mm) between
the detector and target.

(Fig. 1b) made by a 3D printer (Shuffle, Phrozen, China). The geometry
and dimensions of the outer housing were precisely designed based on
the specification of the commercial objective lens. The UTUD housing
was coated, both on its outer and inner surfaces, with silver ink (PolyK,
USA) in order to shield it from external electrical noise. A thin coating
of vamish was applied over the silver ink to prevent environmental
damage to the shielding layer.

We first evaluated the main technical performance characteristics of
the custom-made UTUD. The light transmission efficiency of a 48 pm
thick PVDF film (PolyK, USA) was measured with and without ITO
electrodes (Fig. 2a) over 400-1000 nm wavelength range. The
transmission efficiency at 532 nm was only 57% thus an increased laser
probing energy was needed to acquire OA signals. Yet, no observable
damage was generated by the laser beam traversing the transparent piezo
film. Sensitivity of the UTUD was measured by using a resonant
piezoceramic emitter and compared with the performance of a calibrated
1 mm needle piezoelectric hydrophone (NH1000, Precision Acoustics,
UK), which could be similarly placed in close vicinity to the objective
lens for acquiring the generated OA signals. The diameter of the
piezoceramic disk was 20 mm and the thickness was 1.8 mm, with a
corresponding resonant frequency of the first harmonic of 1.194 MHz.
For measuring the sensitivity, the emitter and both US detectors were
placed parallel to each other spaced by 80 mm in a chamber filled with
distilled water. The spacing was determined by the boundary of the near
zone for the fundamental frequency of the emitter, where a uniform
distribution of the ultrasonic wave was formed. A sinusoidal wave
packet with the voltage ranging from 0.3 to 10 V was then applied to the
emitter. Each packet consisted of at least 100 cycles and the interval
between packets was 100 ms. Afterwards, the ultrasonic wave generated
by the above emitter was recorded by the detectors and digitized by a
two-channel analog-to-digital converter (ADC, AKIP-75244B, UK)
with a resolution of 12 bits. The measurements were carried out at the
first seven resonant frequencies of the emitter (i.e., 1.194, 3.774, 6.277,
8.758, 11.265, 13.766, 16.209 MHz). The resulting curves of sensitivity
(wV/Pa) for both detectors were normalized to the gains and the
excitation voltage of the emitter at each frequency (Fig. 2b). Note that
our UTUD was calibrated based on both the above measurements and
the sensitivity characteristic of NH1000 listed in the calibration report of
the manufacturer.

To further assess the UTUD performance, we directly compared the
OA signals and their corresponding spectra recorded by both types of
US detectors from a thin black tape irradiated with focused pulsed laser
radiation at 532 nm (Figs. 2c-d). Both OA signals were averaged 16
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Fig. 2. Light transmission and US detection performance characteristics
of the UTUD. (a) Light transmission efficiency of the piezo film. (b)
Sensitivity of UTUD (2.5mm diameter aperture) versus lmm diameter
commercial needle hydrophone. (c) and (d) OA signal-to-noise ratios
and their frequency spectra recorded by the UTUD (blue) and the needle
hydrophone (red) from a thin black tape sample.

times and normalized to the gain and noise standard deviation for each
of the detectors, resulting in a major SNR gain for the UTUD (Fig. 2c).
The inset shows a zoomed OA waveform recorded by NH1000. Both
recorded signals were further analyzed in the spectral domain (Fig. 2d).
Note that the lower frequency portion was limited by the cutoff
frequency of the built-in amplifiers, which was 1 MHz for the UTUD
and 0.1 MHz for the NH1000 needle hydrophone. Table 1 lists the noise
floor levels, averaged sensitivity, and corresponding noise equivalent
pressure (NEP) for both detectors. The latter closely resembled the SNR
differences of more than an order of magnitude between the detectors, as
shown in Fig. 2c. Note that the NEP characterizes the noise level of the
detector, expressed in units of pressure, and is defined as the ratio of the
noise standard deviation to the averaged sensitivity value.

Table 1. Sensitivity comparison between two US detectors

Noise floor Sensitivity NEP
(uV,rms)  (uV/Pa) (Pa)
UTUD 22.9 2.7 84
Needle hydrophone
(NH1000) 67.8 0.8 85

In this study, an optical scanning OR-OAM system (Fig. 3a) was
developed and integrated with the UTUD. A 532 nm nanosecond (ns)
Q-switched diode-pumped solid-state laser (Onda 532, BrightSolutions,
Italy) was used as the pumping source to generate OA signals at 10 kHz.
An Iris (SM1D12D, Thorlabs, Germany) was placed after the laser
output to adjust the pulsed beam shape, while a combination of half-
wave plate (WPHO5M-532, Thorlabs, Germany) and polarizing beam
splitter (CCM1-PBS25-532- HP/M, Thorlabs, Germany) was employed
to adjust the pulse energy. In addition, to compensate per-pulse laser
energy fluctuation during post-processing, a small fraction of laser beam
was sampled by a beam sampler (BSF10-A, Thorlabs, Germany) and
detected by a photodetector (DET10A2, Thorlabs, Germany).
Afterwards, the beam was directed into the light path of the custom-
made 3-axis XYZ stage [17]. The laser beams were scanned by the 2-
axis Galvo scanners (6215H, Cambridge Technology, USA), and
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Fig. 3. The customized optical-resolution optoacoustic microscopy (OR-
OAM) system (a) Schematic of the OR-OAM system integrated with
the UTUD. (b) Photograph of the 3D-printed UTUD casing. (c)
Photograph of the entire scanning head including the UTUD. M: mirror,
M2: half-wave plate, PBS: polarizing beam splitter, BD: beam dump,
BS: beam sampler, PD: photodiode, SL: scan lens, TL: tube lens, DM:
dichroic mirror, Obj: objective lens.

sequentially passed through the scan lens (AC508-075-B, Thorlabs,
Germany), tube lenses (AC508-300-B and AC508-400-B, Thorlabs,
Germany) and the water immersion microscope objective lens (W-Plan
Apochromat 20%/1.0 DIC, Zeiss, Germany) to focus beams onto the
target. A piezo stage (P-628.1CD, Physik Instrumente, Germany) was
employed to perform a fine Z-directional scan ranging from 800 um.
The generated OA signals were detected by the UTUD and acquired by
a 2-channel, 250 MS/s, 16-bit digitizer (M4i.4420-x8, Spectrum,
Germany) for further image reconstruction. The multi-function data
acquisition (DAQ) cards (NI 6110 and NI 6229, National Instruments,
USA) were used as the master controller to trigger the laser firing, Galvo
scanning and data acquisition of the digitizer. A custom Matlab code
(R2020b, The MathWorks, USA) was used to design the analog trigger
patterns for Galvo scanners and reconstruct images based on the
acquired OA signals.

The UTUD was equipped with a built-in two-stage amplifier in the
customized 3D-printed casing. The first stage provided a high input
impedance over a wide frequency band, which boosted the acquired
electrical signal while maintaining minimal noise floor levels. The
second stage directly provided a uniform 30-fold amplification up to 100
MHz. The two-stage amplifier arrangement can deliver signals to the
digitizer with a higher gain, elevated SNR and minimal distortion. Note
that the silver grounding wire connected from the amplifier (Fig. 3b) is
needed to ground the metal housing of the objective lens with the UTUD
to prevent noise from being coupled into the signal electrode/cable of the
PVDF-ITO film. The customized casing of the UTUD also facilitates its
direct mounting onto the commercial objective lens using the three
fixation screws (Figs. 3b-c).

In vivo OA imaging performance was evaluated by imaging the ear
vasculature in athymic nude mice (3 female mice, 12-week-old, Charles
River, Germany). Mice were housed under a 12-hour-light/dark cycle,
20 - 24 °C temperature, and 50 - 70% humidity under specific pathogen-
free conditions and received food and water ad libitum. Mouse
maintenance and all animal experiments in this study were approved by
the local veterinary authority (Kantonales Veterindramt Ziirich,
Switzerland). Anesthesia was split into two phases with a mixture of
isoflurane (Attane, USA; 3.5% for induction and 1.5% for maintenance)
and oxygen/air (20/80%) for all experiments, while the oxygen
saturation and CO, were monitored by PhysioSuite (Kent Scientific
Corporation, USA). The mouse head was fixed by a head holder (SGM-
4, Narishige, Japan) and its ear was placed on a customized 3D-printed
board, and then a small amount of US gel was applied to ensure a good
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Fig. 4. Experimental OR-OAM imaging results based on the UTUD. ()
Lateral and (b) axial resolution determination of the OR-OAM system.
(c) Microscope photo and OR-OAM image (maximum intensity
projection along the depth axis) of 7 pm diameter carbon fibers. (d)
Sequential in vivo OR-OAM mouse ear edge images acquired at
different depths. (¢) The corresponding maximum intensity projection
(MIP) representation and (f) the color-encoded depth images.

acoustic coupling for OA imaging. A self-regulated heating pad at
36.8°C was employed to maintain normal mouse body temperature
throughout the entire experimental procedure.

We determined the lateral resolution of the UTUD-based OR-OAM
system by scanning the edge of a sharp surgical blade (Fig. 4a). The
image was acquired with a step size of 0.26 pm over ~5 um range in the
lateral direction. The edge-spread function (ESF) was then determined
as a logistic fit to OA data (Fig. 4a; orange dots: measured OA signals,
solid orange line: ESF fit to OA data). Afterwards, the line-spread
function (LSF) was obtained by numerical differentiation of the fitted
ESF, and the resolution was measured as 0.52 um based on the full-
width-at-half-maximum (FWHM) of the normalized LSF (Fig. 4a; solid
purple line) [17]. Due to the high NA of the objective lens, the effective
axial resolution was dominated by the depth of field (DOF) of the optical
focus [18]. A surgical blade was thus employed as the imaging target to
measure the axial resolution of the OAM (Fig. 4b). A depth scanning
with 1 um step size and laser energy < 10 nJ was performed by using the
piezo stage to acquire serial OA images. Normalized OA signal
amplitudes at the measuring point of each depth were then processed to
acquire their peak values. Based on the Gaussian fitting and FWHM
calculation, the axial resolution was measured as 3.73 pum for the current
imaging system (Fig. 4b), which is similar to the previously reported
performance of OR-OAM systems employing high NA objective lens
[18].

The imaging performance of the UTUD was first demonstrated in a
phantom containing 7 um diameter carbon fibers in 1% agarose (Merck,
Germany). The brightfield photo (Fig. 4c; upper panel) shows the fiber
arrangement with the corresponding OR-OAM image clearly discerning
the fibers with high SNR (Fig. 4c; bottom panel). The latter image was
acquired by a single plane scanning at ~14 nJ per pulse laser energy
without employing signal averaging. Note that the carbon fibers at a
deeper region (i.e., the thicker fibers shown in the photo) cannot be
detected by our OR-OAM system, since the high NA objective lens



caused a largely unfocused beam and insufficient pulse energy outside
the DOF of the optical objective for generating OA signals.

We further recorded in vivo images from the edge region of the mouse
ear. For this, multiple cross-sections along the Z-direction were acquired
with a spacing of 5 um (Fig. 4d), corresponding to the characterized axial
resolution and the short DOF. The individual slices clearly discerned the
microvascular structures at different depths while the maximal intensity
projection (MIP) images showed the entire vascular tree (Figs. 4e-f). The
high sensitivity of the transparent detector is corroborated by the fact that
both large (34.6 wum diameter) and small (4.3 um diameter) capillaries
(white dashed lines in Fig. 4d) are visible in the images without
employing any signal averaging. The per pulse laser energy delivered
was measured as ~150 nJ. The ns laser was tightly focused on the blood
vessels within the dermis layer located 20 - 30 pm underneath the
epidermis layer (i.e., the skin surface) [19]. Thus, the light fluence on the
ear surface was 7.34 mJ)/cm?, which is within the American National
Standards Institute (ANSI) laser safety limits. We also observed no
bleeding or other tissue damage during the in vivo experiments.

Compared to other piezoelectric single crystal materials [11, 12, 14],
PVDF was selected as the US sensing material due to its
characteristically low acoustic impedance and broadband acoustic
response [16], which also simplified the US detector manufacture by
avoiding matching and damping layers. PVDF is known to exhibit a
relatively low electromechanical coupling coefficient compared to other
piezoelectric materials. We thus employed the two-stage amplifier
design to further elevate the sensitivity while maintaining low NEP
(Table 1). Note that the current ITO coating material used for the
electrodes is not an optimal choice for fabricating the transparent US
detector, since the high sheet resistance of ITO limits conductivity thus
increasing the signal loss [16]. Therefore, alternative materials like silver
nanowires would be a better choice, providing both good light
transmittance and low sheet resistance [12].

In order to target micrometer-sized structures, e.g., microcapillaries,
we designed the OR-OAM system with a commercial high NA
objective lens attaining excellent lateral resolution. Remarkably, the
limited size of the UTUD allows the detector to be directly placed under
the objective lens even with a short focusing distance (e.g., 2 mm)
without inducing wave-front distortions. This facilitates detection of
high-frequency components in the generated OA signals, which are
otherwise heavily attenuated after traveling over longer distances [1]. In
addition, the design of our UTUD also maximizes the flexibility for
choosing commercial objective lenses with diverse configurations to
either increase the field of view (FOV) or further improve the lateral
resolution based on the needs of particular biological applications.

The presence of a spurious signal (Fig. 2c) is associated with the
absence of a damping layer for the piezoelectric film. Due to a large
difference in acoustic impedances at the piezo film-air interface, a US
reflection was produced and recorded by the detector. However, the
observed reverberations did not adversely affect the overall quality of the
phantom and in vivo images, since only the maximum signal intensities
in each waveform were used for reconstructing the OR-OAM images. It
is still possible to eliminate the parasitic component of the signal by
employing an optically transparent material with an acoustic impedance
close to that of the damping layer of the piezo film, such as transparent
photopolymer resin or degassed nonconductive epoxy [12].

In summary, we developed a sensitive transparent ultrawideband US
detector for acquiring OR-OAM images with submicron resolution. The
simple design of UTUD allows for a potential combination with diverse
objective lenses and thus an easy integration with other imaging
modalities sharing the same optics (e.g., optical coherence tomography
(OCT) [12] and two-photon microscopy (2PM) techniques [18]), thus

providing complementary information within the same FOV. Future
research will optimize electrode materials to enhance conductivity,
explore defocusing schemes to increase sensitivity, develop multi-modal
combinations with optical microscopy, and apply the method for a broad
range of biological applications such as imaging of brain activity.
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